Coupled microcircular resonators tangentially coupled to a bus waveguide, which is between the resonators, are numerically investigated by the finite-difference time-domain technique. For symmetrically coupled microcircular resonators with refractive index of 3.2, radius of 2 μm, and width of the bus waveguide of 0.4 μm, a mode Q factor of the order of 10 5 is obtained for a mode at the frequency of 243 THz. An output coupling efficiency of as high as 0.99 is calculated for a mode with a Q factor ranging from 10 3 to 10 4 . The mode Q factor is 2 orders larger than that of the modes confined in a single circular resonator tangentially coupled to the same bus waveguide. Furthermore, the high Q traveling modes in the coupled microcircular resonators are suitable for optical single processing. [7, 8] . In addition, unidirectional emission in optical microcavities was predicted by coupling a low-Q mode to a high-Q mode [9] . Whispering-gallery modes (WGMs) can also be confined in triangle and square microresonators due to the total internal reflection on the boundaries of the resonators [10, 11] . Furthermore, the mode-field distributions around the perimeters of the triangle and square microresonators are modulated by the longitudinal and transverse mode patterns. So directional emission microlasers can be fabricated by directly connecting an output waveguide to the triangle and square resonators at the area of weak mode-field distribution [12, 13] . Recently, we found that mode coupling can result in high-Q mode direction emission in a microcircular resonator connected to an output waveguide [14] . In this Letter, we numerically investigate the directional emission from coupled circular resonators by tangentially coupling a bus waveguide between the resonators. The results indicate that an output coupling efficiency larger than 99% can be obtained from high-Q modes in the coupled resonators. Figure 1 shows the schematic diagram of coupled circular resonators tangentially coupled with a bus waveguide, with the width of the gap between the two resonators. A single circular resonator tangentially coupled with a bus waveguide is also plotted in Fig. 1 as the dashed-line resonator is omitted. Finite-difference timedomain (FDTD) techniques [15] are used to simulate the mode characteristics for the above microcircular systems. In the simulation, the spatial cell size is 10 nm, and the time step Δt is set within the Courant limit. The refractive index of the resonator and the waveguide is 3.2 and that of the external areas is 1. An exciting source with a cosine impulse modulated by a Gaussian function Pðx 0 ; y 0 ; tÞ ¼ exp½−ðt − t 0 Þ 2 =t w 2 cosð2πf 0 tÞ is used in the FDTD simulation, where t 0 , t w , and f 0 are the time of the pulse center, the pulse half-width, and the center frequency of the pulse, respectively. The perfect matched layer (PML) absorbing boundary condition is used as the boundaries to terminate the FDTD computation window. The time variation of one component of the electromagnetic fields is recorded as a FDTD output, and the Padé approximation with Baker's algorithm [16] is used to transform the FDTD output from the time domain to the frequency domain. Then the mode frequencies and Q factors are calculated from the obtained intensity spectrum. Finally, a long optical pulse with a very narrow bandwidth centered at a mode frequency is used to simulate the mode-field distribution by the FDTD technique. 
High-Q optical microcavities with small mode volume are in demand for realizing low-threshold microlasers, and single photon emission is expected by combining the high-Q microcavity with quantum-dot emitters. In addition to a high Q factor, high output coupling efficiency is important for high-efficiency microlasers and single photon sources. Semiconductor microdisk lasers have attracted attention because of their ultrasmall volume and high Q factor [1] . However, directional emission is limited by the circular symmetry of the microdisk resonators. Asymmetric circular resonators [2] , quadrupolar [3] , spiral-shaped micropillars [4] , elliptical microdisks [5] , and stadium-shaped microdisks [6] have been applied to realize directional emission microlasers. Directionally coupled outputs have been achieved by laterally or vertically evanescently coupled bus waveguides [7, 8] . In addition, unidirectional emission in optical microcavities was predicted by coupling a low-Q mode to a high-Q mode [9] . Whispering-gallery modes (WGMs) can also be confined in triangle and square microresonators due to the total internal reflection on the boundaries of the resonators [10, 11] . Furthermore, the mode-field distributions around the perimeters of the triangle and square microresonators are modulated by the longitudinal and transverse mode patterns. So directional emission microlasers can be fabricated by directly connecting an output waveguide to the triangle and square resonators at the area of weak mode-field distribution [12, 13] . Recently, we found that mode coupling can result in high-Q mode direction emission in a microcircular resonator connected to an output waveguide [14] . In this Letter, we numerically investigate the directional emission from coupled circular resonators by tangentially coupling a bus waveguide between the resonators. The results indicate that an output coupling efficiency larger than 99% can be obtained from high-Q modes in the coupled resonators. Figure 1 shows the schematic diagram of coupled circular resonators tangentially coupled with a bus waveguide, with the width of the gap between the two resonators. A single circular resonator tangentially coupled with a bus waveguide is also plotted in Fig. 1 as the dashed-line resonator is omitted. Finite-difference timedomain (FDTD) techniques [15] are used to simulate the mode characteristics for the above microcircular systems. In the simulation, the spatial cell size is 10 nm, and the time step Δt is set within the Courant limit. The refractive index of the resonator and the waveguide is 3.2 and that of the external areas is 1. An exciting source with a cosine impulse modulated by a Gaussian function Pðx 0 ; y 0 ; tÞ ¼ exp½−ðt − t 0 Þ 2 =t w 2 cosð2πf 0 tÞ is used in the FDTD simulation, where t 0 , t w , and f 0 are the time of the pulse center, the pulse half-width, and the center frequency of the pulse, respectively. The perfect matched layer (PML) absorbing boundary condition is used as the boundaries to terminate the FDTD computation window. The time variation of one component of the electromagnetic fields is recorded as a FDTD output, and the Padé approximation with Baker's algorithm [16] is used to transform the FDTD output from the time domain to the frequency domain. Then the mode frequencies and Q factors are calculated from the obtained intensity spectrum. Finally, a long optical pulse with a very narrow bandwidth centered at a mode frequency is used to simulate the mode-field distribution by the FDTD technique. Based on the obtained single-mode field pattern, total output energy flux is calculated by integrating the Poynting vector over the whole microresonator system, and the output coupling efficiency η is calculated as the ratio of the energy flux through the cross section of the output waveguide to the total output energy flux.
The field intensity spectra are plotted in Fig. 2 as the solid and the dashed curves for the symmetrically coupled circular resonators and a single circular resonator, respectively. The radius of the circular resonator is 2 μm, and the width of the bus waveguide is 0:4 μm. The bus waveguide is tangentially coupled with the circular resonator, so the gap between the bus waveguide and the resonator is zero. The highest mode Q factor is only of the order of 10 3 for the single resonator, but the highest mode Q factor is of the order of 10 5 for the coupled resonators. The mode-field patterns obtained by the FDTD simulation under a single-mode exciting source are plotted in Fig. 3 for the high-Q modes near 243 THz. The results indicate that the mode-field coupled into the bus waveguide can return the coupled resonators again, which results in high-Q confined modes. In fact, we even predict the same phenomena in optical microring filters [17] . Furthermore, the WGMs in a single circular resonator can couple with all modes in the bus waveguide, but the confined modes in the coupled circular resonator can only couple with the same symmetric modes in the bus waveguide, which reduces the coupling loss again for the coupled circular resonator.
For coupled circular resonators with a radius of 2 μm, the mode frequencies, Q factors, and output coupling efficiencies η versus the width d are presented in Table 1 4 . However, a single high-Q mode exists as d ¼ 0:2, 0.5, 0.6, 0.7, and 0:9 μm, which are coupled modes of WGMs, [14] and have the mode Q factors of the order of 10 3 to 10 4 . In Fig. 4 , the mode Q factors and output efficiencies are plotted as functions of the width d for the symmetri- Fig. 5 shows that the mode is unidirectionally coupled into the bus waveguide, i.e., the mode-field pattern is a traveling mode. The output coupling efficiency is larger than 0.97 at the width of the bus waveguide between 0.34 and 0:45 μm but decreases from 0.98 to 0.86 as the width increases from 0.45 to 0:46 μm, due to the appearance of the TM 12;6 mode, which has a frequency close to that of the TM 24;2 mode. The mode frequency of TM 24;2 is 247:89 THz in an isolated circular resonator with a radius of 2 μm. The mode Q factor and output coupling efficiency in practical circular resonators will be affected by a vertical radiation loss, which is not considered in the two-dimensional FDTD simulation. However, vertical radiation loss is very weak for TM WGMs in a cylinder resonator with a vertical semiconductor waveguide [18] . The above results are obtained for the resonators tangentially coupled with the bus waveguide, i.e., the gap between the resonators and the bus waveguide g ¼ 0.
The mode Q factors and the output coupling efficiencies are also simulated for the coupled circular resonators with radius of 2 μm, d ¼ 0:4 μm, and gap g ¼ 0:1, 0.2, 0.3, and 0:4 μm. We can still get high-Q confined modes with high output efficiencies for the coupled circular resonators.
In summary, we have investigated the mode characteristics for coupled circular resonators with a tangentially coupled bus waveguide by the FDTD technique. The numerical results show that some WGMs with circular field patterns inside a circular resonator can still have high Q factors and high output coupling efficiencies. However, for a single circular resonator with a tangentially coupled bus waveguide, only the coupled modes between the WGMs have a high Q factor, and the Q factor is much smaller than that in the coupled circular resonators. Furthermore, the high-Q modes in the coupled circular resonators with the bus waveguide can still be traveling modes, as in a single circular resonator, which is suitable for optical information processing.
